1. Introduction
===============

Both oxidative stress and hypoxic microenvironments are commonly found in tumors. These regions are often associated with elevated levels of antioxidants, especially members of the Thioredoxin (Trx) system, and accumulating evidence indicates that the Trx system plays an important role in tumor progression and metastasis. This review will focus on the involvement and regulation of the Trx system in the different oxygenation states of tumors.

2. Oxygen Homeostasis
=====================

Oxygen homeostasis is essential for the survival of all aerobic organisms. However, this balance in a cell can be disrupted by either an increase or decrease in the level of oxygen. Therefore, adaption to the environmental oxygen availability is of crucial importance in controlling cellular homeostasis. Cells utilize distinct mechanisms to adapt to either an increase or a decrease in cellular oxygen levels.

Aerobic organisms continually metabolize oxygen through several oxidative systems, for example the NADPH oxidases \[[@B1-cancers-02-00209]\], the xanthine/xanthine oxidase system \[[@B2-cancers-02-00209]\] and the respiratory chain within the mitochondria \[[@B3-cancers-02-00209]\]. In many cases, however, oxygen undergoes incomplete one-electron reduction to form a number of highly reactive molecules commonly called Reactive Oxygen Species (ROS). ROS includes free radicals with unpaired electrons, such as the superoxide anion, hydroxyl radical and oxidants such as hydrogen peroxide (H~2~O~2~), all of which are inherently unstable and often highly reactive \[[@B4-cancers-02-00209]\]. Even under normal physiological conditions ROS molecules are produced within cells.

ROS have some beneficial roles through involvement in intracellular signaling and redox regulation of the cell. For example, H~2~O~2~ and the superoxide anion are redox regulators of transcription factor activities, and several cytokines, growth factors, hormones and neurotransmitters employ ROS as secondary messengers in intracellular signal transduction \[[@B5-cancers-02-00209],[@B6-cancers-02-00209],[@B7-cancers-02-00209]\]. On the other hand, ROS can also cause significant damage within the cell, such as damage to DNA, oxidation of lipids and oxidation of amino acids in proteins \[[@B8-cancers-02-00209]\]. To defend themselves, cells utilize several distinct antioxidant systems. Antioxidants are molecules that counteract excessive ROS production by preventing or reducing the oxidation of ROS targets. Therefore, in normal physiological conditions, the cellular oxidation-reduction (redox) equilibrium in aerobic cells is maintained by ROS and antioxidants \[[@B9-cancers-02-00209],[@B10-cancers-02-00209]\]. However, under certain conditions ROS levels can increase dramatically and as a consequence so-called oxidative stress occurs.

2.1. Oxidative Stress Response
------------------------------

In times of oxidative stress cells respond by inducing the expression of several antioxidant systems in order to re-establish the intracellular redox homeostasis \[[@B8-cancers-02-00209],[@B9-cancers-02-00209]\]. The regulatory element mainly responsible for this simultaneous induction is the antioxidant responsive element (ARE), which is usually found in the promoter region of the induced target genes \[[@B11-cancers-02-00209]\]. The transcription factor that regulates the induction of these genes *via* the ARE element is Nrf-2 (NF-E2 related factor). Upon oxidative stress, Nrf-2 forms heterodimers with small Maf proteins in the nucleus and then binds with ARE-containing gene promoters to induce their expression \[[@B12-cancers-02-00209],[@B13-cancers-02-00209],[@B14-cancers-02-00209]\] ([Figure 1](#cancers-02-00209-f001){ref-type="fig"}a). Consequently, many antioxidant systems, including the thioredoxin system, are simultaneously up-regulated *via* the Nrf-2/ARE pathway in response to oxidative stress.

![(a) Schematic presentation of the Nrf-2/ARE pathway. In response to oxidative stress ROS causes nuclear translocation of Nrf-2, which then forms a heterodimer with a small Maf protein. This complex then interacts with the ARE element and induces transcription of its target antioxidant genes. **(b)** Schematic presentation of the HIF-1/HRE pathway. Under normoxia HIF-1α is rapidly degraded in the cytosol. In response to hypoxia HIF-1α becomes stabilized, translocates to the nucleus where it dimerizes with HIF-1β and then binds to the HRE element and induces transcription of its target genes.](cancers-02-00209-g001){#cancers-02-00209-f001}

2.2. Hypoxic Stress Response
----------------------------

Disruption of the redox homeostasis within cells can also occur when oxygen demand exceeds supply, a condition termed hypoxia \[[@B15-cancers-02-00209]\]. The cells defense mechanism against this unfavorable condition differs from that of oxidative stress. Instead of activating the Nrf2/ARE pathway the adaption to hypoxic stress is primarily mediated through the hypoxia-inducible factors (HIFs). These HIFs bind to the hypoxia-response element (HRE) sequences in the promoter or enhancers of target genes and up-regulate their expression. HIF-1 is composed of two subunits. The HIF-1β subunit is constitutively expressed in the cell while the HIF-1α subunit is regulated in an oxygen-dependent manner \[[@B16-cancers-02-00209],[@B17-cancers-02-00209]\] ([Figure 1](#cancers-02-00209-f001){ref-type="fig"}b). The main target genes up-regulated in response to hypoxic stress *via* the HIF-1/HRE pathway are involved in anaerobic metabolism, angiogenesis and haematopoiesis. Importantly, all these target genes ensure that either the cell restores oxygen homeostasis by surviving with minimal energy production, or that the cells die due to persistent lack of energy \[[@B15-cancers-02-00209]\]. Interestingly, the thioredoxin system also seems to play important roles in the hypoxic response (see thioredoxin and hypoxia).

3. The Thioredoxin System
=========================

The thioredoxin system is comprised of the redox-active protein thioredoxin (Trx), the enzyme thioredoxin reductase (TrxR) and NADPH. This antioxidant system is essential for normal cellular functions which is evident by the observation that Trx knockout mice are embryonic lethal \[[@B18-cancers-02-00209]\]. The Trx system plays an important role in many cellular functions, including redox control of transcription factors, synthesis of deoxyribonucleotides, cell growth and protection against oxidative stress \[[@B10-cancers-02-00209],[@B19-cancers-02-00209],[@B20-cancers-02-00209],[@B21-cancers-02-00209]\].

Thioredoxin is a small (\~12 kDa) ubiquitously expressed protein which is conserved through all species, from Archebacteria to humans \[[@B19-cancers-02-00209]\]. All Trxs have a redox active site of Cys-Gly-Pro-Cys, which can reduce disulfides in proteins and peptides \[[@B22-cancers-02-00209],[@B23-cancers-02-00209]\]. Reduced Trx catalyses the reduction of ROS oxidized cysteines of many proteins both intracellularly and extracellularly and in this process Trx itself becomes oxidized. Trx can then be reduced by the action of TrxR at the expense of NADPH \[[@B19-cancers-02-00209],[@B24-cancers-02-00209]\] ([Figure 2](#cancers-02-00209-f002){ref-type="fig"}). To date TrxR is the sole known electron donor for Trx.

![Mechanism of action of the thioredoxin (Trx) redox system. Reduced Trx catalyzes the reduction of disulfides (s-s) within oxidized cellular proteins, such as peroxiredoxin (Prx). In this process Trx becomes oxidized which in return is reduced by thioredoxin reductase (TrxR) at the expense of NADPH.](cancers-02-00209-g002){#cancers-02-00209-f002}

Three isoforms of Trx have been identified in mammalian cells, with all containing the conserved active site. They are Trx1, a cytoplasmic protein \[[@B25-cancers-02-00209]\]; Trx2, a mitochondrial protein \[[@B26-cancers-02-00209]\]; and SpTrx, which is expressed mainly in spermatozoa \[[@B27-cancers-02-00209]\]. Mammalian cells also contain three isoforms of TrxRs. They are the cytosolic protein TrxR1, the mitochondrial protein TrxR2 and the testis specific thioredoxin glutathione reductase (TGR) \[[@B28-cancers-02-00209]\]. Mammalian TrxRs can reduce a number of small-molecule substrates in addition to their role in maintaining Trxs in their reduced forms \[[@B10-cancers-02-00209]\]. These substrates include ascorbic acid, lipid hydroperoxides, α-lipoic acid, and hydrogen peroxide. The thioredoxin-1 system consists of Trx1 and TrxR1. Unless otherwise indicated, Trx and TrxR refers to the cytosolic Trx1 and TrxR1 in this review.

Thioredoxin can exert its antioxidant function through either directly quenching singlet oxygen and scavenging hydroxyl radicals, or indirectly by reducing oxidized ROS target proteins \[[@B23-cancers-02-00209],[@B29-cancers-02-00209]\]. However, Trx performs most of its antioxidant functions through peroxiredoxins (Prx), also called thioredoxin peroxidases \[[@B30-cancers-02-00209],[@B31-cancers-02-00209],[@B32-cancers-02-00209]\]. Prx uses the SH groups as reducing equivalents and aid in the direct reduction of peroxides, such as H~2~O~2~ and different alkyl hydroperoxides. The oxidized form of Prx can then be recycled back to its reduced form by Trx \[[@B33-cancers-02-00209]\] ([Figure 2](#cancers-02-00209-f002){ref-type="fig"}).

Trx can exist in the extracellular environment, cytoplasm and nucleus. However, Trx has distinct roles in each of the different environments \[[@B24-cancers-02-00209]\]. Extracellular Trx exhibits chemokine like activity \[[@B34-cancers-02-00209]\], while in the cytoplasm Trx regulates the redox balance of the cell and also the activity of certain proteins \[[@B35-cancers-02-00209],[@B36-cancers-02-00209]\]. In the nucleus, Trx has been shown to interact with many transcription factors and thereby regulate gene expression \[[@B36-cancers-02-00209]\]. Hence, Trx is responsible for the maintenance of many important cellular processes that are dependent on thiol-redox states.

4. Thioredoxin and Transcription Factors
========================================

Transcription factors are proteins that regulate cellular functions by altering the gene expression profile. Thereby cells can modulate their transcriptome to adjust to normal physiological and pathophysiological changes in oxygen levels. Several transcription factors are activated by Trx through redox regulation, which modulates their DNA binding activities.

Thioredoxin can directly reduce some transcription factors, while other transcription factors use Ref-1 (redox factor-1) as an intermediate. A specific cysteine residue(s) in these transcription factors is reduced by Ref-1, which results in enhanced DNA-binding activity. In order for Ref-1 to catalyze this reduction it needs to be in its reduced form, which is catalyzed by Trx \[[@B37-cancers-02-00209],[@B38-cancers-02-00209],[@B39-cancers-02-00209]\]. Transcription factors dependent on the Trx/Ref-1 interaction are responsible for the activation of many genes that have the overall effect of promoting cell viability in response to adverse conditions including oxidative stress and hypoxia. In addition to its function as a major redox-signaling factor, Ref-1 is also a DNA-repair endonuclease. It is involved in the base excision repair (BER) pathway \[[@B37-cancers-02-00209]\]. The BER pathway is responsible for repair of apurinic/apyrimidinic (AP) sites in DNA, which are a major end product of ROS damage. Therefore, Trx has several important functions in protecting the cells from oxidative stress *via* Ref-1.

One of the transcription factors that is dependent on the Trx/Ref-1 interaction is Activator protein-1 (AP-1) \[[@B40-cancers-02-00209]\]. AP-1 is not a single transcription factor but rather is comprised of various homo- or heterodimers formed between the proteins of the basic region-leucine zipper (bZIP) family. The dimeric complexes are predominantly composed of Jun homodimers and Jun-Fos heterodimers \[[@B41-cancers-02-00209],[@B42-cancers-02-00209]\]. Since both Jun and Fos families contain multiple members, the AP-1 transcription factor is involved in a wide range of physiological functions. For example, AP-1 regulates the expression of genes involved in cell growth in response to external stimuli \[[@B43-cancers-02-00209]\]. The DNA binding of AP-1 is regulated by the redox state of a cysteine residue within the DNA binding domain of both proteins making up the dimer. Trx reduces these cysteines indirectly *via* Ref-1 and thereby increases the DNA binding activity of AP-1 \[[@B40-cancers-02-00209],[@B44-cancers-02-00209]\] ([Figure 3](#cancers-02-00209-f003){ref-type="fig"}). Thus, Trx also contributes to cell growth.

![Thioredoxin (Trx) and redox signaling of transcription factors. Trx negatively regulates apoptosis in the cytoplasm *via* redox regulation of ASK-1 and inhibition of Iκβ degradation by scavenging ROS. Under oxidative conditions, Trx is translocated to the nucleus where it increases the DNA binding activity of NF-κβ *via* reduction of its cysteine residue. Trx also increases the DNA binding activity of other transcription factors, such as AP-1 and HIF-1, indirectly *via* the intermediate Ref-1. Red lines indicate an inhibitory effect. S-S = oxidized form. SH = reduced form.](cancers-02-00209-g003){#cancers-02-00209-f003}

Another important transcription factor regulated by Trx through Ref-1 is HIF-1α, which controls the expression of hypoxic stress-responsive genes. Redox modification of a single cysteine residue within the HIF-1α subunit of HIF-1 is necessary for the direct interaction of HIF-1 with the CBP/p300 co-activator that leads to increased expression of its target genes *via* the hypoxic response element (HRE) \[[@B45-cancers-02-00209]\]. Trx, through Ref-1, is indirectly responsible for this modification ([Figure 3](#cancers-02-00209-f003){ref-type="fig"}).

Trx can also act directly on some transcription factors without the requirement for Ref-1. For example, Trx can influence apoptosis by activating nuclear factor (NF)-κB, which regulates the expression of genes that antagonize cell death \[[@B46-cancers-02-00209],[@B47-cancers-02-00209],[@B48-cancers-02-00209]\]. In the cytoplasm, ROS mediates degradation of the inhibitor IκB to activate NF-κB nuclear translocation. Since Trx is an antioxidant it scavenges ROS in the cytoplasm, hence inhibiting the degradation of IκB. However, in response to NF-κB activation stimuli Trx translocates from the cytoplasm to the nucleus where instead it activates NF-κB DNA binding ([Figure 3](#cancers-02-00209-f003){ref-type="fig"}). Trx directly reduces a cysteine of NF-κB and allows NF-κB-dependent gene expression \[[@B36-cancers-02-00209],[@B49-cancers-02-00209]\]. Furthermore, Trx interacts directly with the apoptotic pathway through binding to ASK-1 (apoptosis signal-regulating kinase-1), a member of the MAPKKK family \[[@B50-cancers-02-00209]\]. Reduced Trx physically interacts with ASK-1 in a redox-dependent manner and inhibits its activity. When Trx is oxidized by ROS it dissociates from ASK-1, which is then activated to transduce the apoptotic signal ([Figure 3](#cancers-02-00209-f003){ref-type="fig"}). This ROS-induced apoptosis is a defense mechanism against persistent oxidative stress.

5. Thioredoxin and Oxidative Stress
===================================

In times of oxidative stress Trx, to some extent, reduces intracellular proteins and lowers levels of ROS as part of the antioxidant defense. Trx also translocates to the nucleus in response to oxidative stress where it can exert regulatory functions of transcription factors *via* redox modifications \[[@B36-cancers-02-00209],[@B51-cancers-02-00209],[@B52-cancers-02-00209]\]. By regulating the activity of several transcription factors Trx can influence many important cellular functions in response to oxidative stress, including DNA repair, cell growth and proliferation, and apoptosis \[[@B53-cancers-02-00209]\].

It is well established that the gene expression of Trx is induced by oxidative stress and that this induction is mediated mainly by the binding of Nrf2 in the ARE element present in the Trx promoter \[[@B54-cancers-02-00209],[@B55-cancers-02-00209]\]. The TrxR and Prx promoters also contain ARE elements, which are responsible for their induced expression in response to oxidative stress \[[@B32-cancers-02-00209],[@B56-cancers-02-00209],[@B57-cancers-02-00209],[@B58-cancers-02-00209]\]. It is worth noting that Trx in a reduced state can enhance the binding of Nrf2 with the ARE, thus activating it \[[@B59-cancers-02-00209]\]. Furthermore, Ref-1 expression is up-regulated in response to oxidative stress \[[@B60-cancers-02-00209],[@B61-cancers-02-00209]\]. Therefore oxidative stress leads to increased levels of Trx, which in turn activates the transcription factors responsible for inducing even higher levels of Trx and other antioxidants.

It is also well known that cancer cells in general are under increased oxidative stress compared to normal cells. Increased oxidative damage of DNA bases has been found in many cancerous tissues \[[@B62-cancers-02-00209],[@B63-cancers-02-00209]\]. Additionally, *in vitro* human tumor cell lines have been found to produce significantly greater amounts of ROS than non-transformed cell lines, thereby keeping these cells under persistent oxidative stress \[[@B64-cancers-02-00209]\]. These higher levels of ROS in cancers are usually associated with extremely high levels of Trx and other redox control proteins, which will be discussed later (See Thioredoxin and cancer).

6. Thioredoxin and Hypoxia
==========================

Hypoxia occurs when the levels of oxygen in a cell falls below the normal levels of oxygen tension. Although hypoxia is generally harmful to the cell by disrupting the cells redox homeostasis, it does have some beneficial roles as well. For example, hypoxia is encountered in embryogenesis, in which hypoxia signaling is considered to be necessary for normal development \[[@B65-cancers-02-00209]\].

In response to hypoxia, the HIF-1 protein is stabilized and induces the expression of genes that function to improve oxygenation through angiogenesis and erythropoiesis. The availability of HIF-1 is mainly determined by the HIF-1α subunit, which is usually suppressed due to its rapid, oxygen-dependent degradation, while the HIF-1β subunit is not controlled by oxygen levels. During hypoxia, the HIF-1α protein stabilizes, translocates to the nucleus, dimerizes with HIF-1β and binds to the target DNA sequence within the promoter or enhancer region of different genes \[[@B66-cancers-02-00209],[@B67-cancers-02-00209],[@B68-cancers-02-00209],[@B69-cancers-02-00209]\] ([Figure 1](#cancers-02-00209-f001){ref-type="fig"}b).

The HIF-1 protein is also regulated by many other factors aside from hypoxia, including oncogenes, growth factors, and quite paradoxically by free radicals such as the superoxide anion, H~2~O~2~ and NO. For example, exposure to NO has been shown to nitrosylate a specific cysteine residue in the HIF-1α subunit under normoxic conditions \[[@B70-cancers-02-00209]\], thereby inhibiting its degradation. Furthermore, administration of H~2~O~2~ in human 293 cells caused HIF-1α stabilization and expression of HRE-luciferase under normoxic conditions \[[@B71-cancers-02-00209]\]. Hence, ROS can stabilize HIF-1α under normoxic conditions ([Figure 4](#cancers-02-00209-f004){ref-type="fig"}).

![Thioredoxin (Trx) and ROS in the hypoxic stress response. Under normoxia HIF-1α is degraded in the cytosol while in hypoxia HIF-1α becomes stabilized and translocates to the nucleus. In hypoxia, the presence of H~2~O~2~ in the cytosol is necessary for HIF-1α stabilization. In the nucleus, reducing conditions are necessary for HIF-1 DNA binding. Trx reduces Ref-1 in the nucleus, which in turn reduces the HIF-1α subunit, which then dimerizes with HIF-1β to form HIF-1. The HIF-1 protein binds to the HRE element and induces transcription of its target genes. Red lines indicate an inhibitory effect. Red cross indicates non-functional mitochondria.](cancers-02-00209-g004){#cancers-02-00209-f004}

Increasing evidence demonstrate that ROS formation by the mitochondria is also involved in HIF-1α stabilization during hypoxia \[[@B72-cancers-02-00209],[@B73-cancers-02-00209]\], although the increase in ROS seems to be to a much lesser extent than that occurring in response to oxidative stress \[[@B74-cancers-02-00209]\]. One study showed that cells containing non-functional mitochondria cannot increase HIF-1α levels in response to hypoxia \[[@B71-cancers-02-00209]\]. Another study using RNAi to suppress expression of the Rieske iron-sulfur protein of the mitochondrial complex III showed that ROS formation and HIF-1α expression levels decreased when exposed to hypoxia. However, addition of H~2~O~2~ to the cells resulted in an increase in HIF-1α protein under hypoxia \[[@B75-cancers-02-00209]\]. Also, H~2~O~2~ inhibition during hypoxia in human 293 cells, through catalase over-expression, attenuated HRE-luciferase expression \[[@B71-cancers-02-00209]\] ([Figure 4](#cancers-02-00209-f004){ref-type="fig"}). These observations suggest that the presence of H~2~O~2~ in the cytosol is necessary for HIF-1α stabilization during hypoxia.

In contrast, several studies have shown that HIF-1 DNA binding requires reducing conditions in the nucleus. For example, treatment of purified HIF-1 with H~2~O~2~ or diamide abolished HIF-1 DNA binding activity. However, prior addition of dithioretiol (DTT) circumvented this effect \[[@B76-cancers-02-00209]\] ([Figure 4](#cancers-02-00209-f004){ref-type="fig"}). These results suggest that HIF-1 itself is redox-sensitive. Indeed, as mentioned previously, the antioxidant proteins Trx and Ref-1 have been shown to enhance the transcriptional activation of HIF-1 during hypoxia through the modulation of a single cysteine residue in the HIF-1α subunit ([Figure 4](#cancers-02-00209-f004){ref-type="fig"}). Furthermore, a mutation of this Ref-1 target cysteine residue prevented the decrease in HIF-1α activity in response to hydroxyl radicals \[[@B77-cancers-02-00209]\]. These results indicate that Trx plays an important role in the hypoxic-stress response.

In addition, evidence that Trx influences HIF-1 during hypoxia has been shown in several studies using cells over-expressing Trx. These cells showed increased HIF-1α levels, enhanced HIF-1 DNA binding and increased activation of HIF-1 target genes, such as vascular endothelial growth factor (VEGF) \[[@B78-cancers-02-00209]\] and cyclooxygenase-2 (COX-2) \[[@B79-cancers-02-00209]\]. In contrast, studies using a redox-inactive Trx clearly showed decreased HIF-1α protein levels \[[@B78-cancers-02-00209]\]. Additionally, Trx and TrxR inhibitors have been shown to down-regulate expression of HIF-1α and its subsequent activity \[[@B80-cancers-02-00209]\], which further emphasizes Trx's role in HIF-1α regulation.

These results are also consistent with other studies demonstrating that Trx and related redox proteins are up-regulated in response to hypoxia. For example, when HT-29 cells were exposed to hypoxia both Trx and TrxR mRNA expression were increased by 14-fold and 4-fold, respectively \[[@B81-cancers-02-00209]\]. In lung cancer cells both mRNA and protein levels of Trx and Prx were up-regulated following hypoxia \[[@B82-cancers-02-00209]\]. Up-regulation of Trx and Ref-1 has also been observed in hypoxic microregions of tumors from cervical cancer biopsy specimens \[[@B83-cancers-02-00209]\]. However, the mechanism for the hypoxic induction of Trx is not fully understood. There is no evidence indicating that this induction is regulated by HIF-1.

In summary, these results represent an important link between hypoxic and redox control processes and suggests that the roles ROS and Trx play in regulating HIF-1 during hypoxia are at least as important as the regulation ascribed to classical hypoxic induction pathways.

7. Thioredoxin and Cancer
=========================

It is widely accepted that both oxidative stress and hypoxia are common features of tumors. These conditions can partly be explained by a growing tumor mass that quickly outgrows its vascular networks and therefore lacks oxygen and nutrients \[[@B84-cancers-02-00209]\]. This decreased level of oxygen leads to the stabilization and activation of HIF-1, which in turn induces processes such as angiogenesis. Although angiogenesis occurs in nearly all human solid tumors, it does not occur in an efficient manner, leading to spatial and temporal inadequacies in delivery of oxygen \[[@B84-cancers-02-00209]\]. Therefore, some regions of the tumor may contain chronic hypoxia, while other regions of the tumor may undergo cycling hypoxia, by switching between hypoxia and re-oxygenation conditions due to irregular flow of oxygen. The re-oxygenation phase following hypoxia inadvertently causes oxidative stress.

Since cancer cells are often under high oxidative or hypoxic stress it is not surprising that they also express high levels of antioxidant proteins, including Trx, Prx and Ref-1. For example, Trx expression is increased in several primary cancers, including lung \[[@B82-cancers-02-00209]\], cervix \[[@B83-cancers-02-00209]\], pancreatic \[[@B85-cancers-02-00209]\], colorectal \[[@B86-cancers-02-00209]\], hepatocellular carcinomas \[[@B87-cancers-02-00209]\], gastric carcinomas \[[@B88-cancers-02-00209]\] and breast cancer \[[@B89-cancers-02-00209]\]. The up-regulation of Trx and related proteins has been postulated to present a dynamic redox change to benefit proliferation and malignant progression of tumors.

Several studies implicate over-expression of Trx as one of the enhancers of cancer cell growth, either through the direct stimulation of cancer cell growth or through the inhibition of cancer cell apoptosis. In one of these studies, MCF-7 breast cancer cells were transfected with a redox-inactive Trx construct. The Trx protein produced from this construct acts in a dominant-negative manner. Inoculation of the transfected MCF-7 cells into immunodeficient mice resulted in an almost complete inhibition of tumor formation and a reversal of the transformed phenotype of the cancer cells was evident \[[@B90-cancers-02-00209]\]. Another study showed that the growth of MCF-7 cells is inhibited when treated with Arsenic trioxide (ATO), in a dose-dependent manner \[[@B91-cancers-02-00209]\]. This decrease in MCF-7 cell growth was correlated with inactivation of TrxR, resulting in Trx oxidation and subsequently inactivation of the whole Trx system. In addition, a more recent *in vivo* study further highlights the importance of Trx in promoting cancer cell growth. When two human lung carcinoma cell lines, expressing either high or low Trx levels, were injected subcutaneously into SCID mice the extent of tumor growth correlated with the levels of Trx expressed by the injected cells \[[@B92-cancers-02-00209]\]. The cells expressing low levels of Trx gave rise to smaller tumors while the cells expressing high levels of Trx gave rise to much larger tumors. Overall, these studies suggest that Trx has an active functional role in promoting cancer cell growth and that its increased expression is not just a consequence of cancer progression.

High levels of Trx expression have also been correlated with highly invasive and metastatic tumor activity both *in vitro* and *in vivo* \[[@B92-cancers-02-00209],[@B93-cancers-02-00209],[@B94-cancers-02-00209],[@B95-cancers-02-00209]\]. An *in vitro* study using a neuroblastoma cell line revealed a possible mechanism by which Trx can enhance the metastasis of cancer cells. Trx was shown to stimulate cell invasion in these cells and to promote overall matrix metalloproteinase (MMP) activity by preferentially inhibiting the MMP inhibitors \[[@B93-cancers-02-00209]\]. An *in vivo* study using mice injected with two human carcinoma cell lines expressing either high or low levels of Trx further implicates Trx as an enhancer of tumors metastasis \[[@B92-cancers-02-00209]\]. Tumor metastases were evident in the lung of mice injected with the higher Trx expressing cell line while no metastases were visible in mice injected with the lower Trx expressing cell line. In addition, another study performed on two prostate carcinoma cell lines showed that they possessed different redox phenotypes, with the more invasive cell line displaying a more reduced state \[[@B95-cancers-02-00209]\]. Similarly, expression studies have also shown the highest levels of Trx expression in the most aggressive tumors isolated from patients diagnosed with either breast, melanoma, thyroid, prostate or colorectal cancer \[[@B94-cancers-02-00209]\].

Furthermore, high levels of Trx and other antioxidant proteins are also correlated with cells displaying resistance to various chemotherapeutic agents, including doxorubicin, cisplatin, docetaxel and tamoxifen. For example, in one study, tumor tissues taken from breast cancer patients showed no significant correlation between the expression of p53, BRCA-1, or Bcl-2 and a response to docetaxel. However, tumors with high Trx expression showed a significantly lower response rate to docetaxel than those with low Trx expression \[[@B96-cancers-02-00209]\]. In another study, gene expression profiling of 44 breast tumor samples treated with docetaxel was performed, with a total of 2453 genes analyzed. In this study the docetaxel resistant cells, nearly half of the samples examined, were characterized by elevated expression of redox genes, specifically glutathione S-transferase, Prxs and Trx \[[@B97-cancers-02-00209]\].

Over-expression of Trx also results in patients developing resistance to cisplatin \[[@B98-cancers-02-00209]\], by scavenging intracellular toxic oxidants generated by this anticancer agent. Furthermore, resistance of ovarian cancer cell lines, as well as gastric and colon cancer cells, has been associated with increased intracellular Trx levels \[[@B99-cancers-02-00209],[@B100-cancers-02-00209]\]. These results suggest that Trx not only has an active role in cancer growth but also in cancer progression, through inhibition of apoptosis, stimulation of metastatic and invasive activity and through the involvement of chemotherapy resistance in cancer cells. Another important observation is that the aggressiveness of many tumors can be correlated with their redox phenotypes, which is characterized by the degree of Trx expression. Given the large number of roles for Trx in cancer cells, it is therefore not surprising that Trx, and other members of the Trx system, have been put forward as key targets for compounds designed to inhibit cancer growth, progression and metastasis.

While Trx itself has been regarded as a potential target \[[@B101-cancers-02-00209],[@B102-cancers-02-00209]\], TrxR has been the focus of most Trx system inhibitors. An inhibition of TrxR leads to oxidation of Trx and thus altered functionality of the entire Trx system. A number of TrxR inhibitors have been tested in clinical trials with some approved by the FDA for use as cancer therapeutic reagents (as recently reviewed in detail \[[@B103-cancers-02-00209],[@B104-cancers-02-00209],[@B105-cancers-02-00209]\]). Arsenic trioxide (ATO) is a compound approved by the FDA and has been used successfully to treat acute promyelocytic leukaemia \[[@B106-cancers-02-00209]\]. ATO binds to and irreversibly inactivates TrxR, which correlates with an inhibition of the growth of MCF-7 breast cancer cells \[[@B91-cancers-02-00209]\]. Gold compounds have been investigated for some time as cancer treatment options and a number, including auranofin, have TrxR as their preferred target \[[@B107-cancers-02-00209]\]. Motexafin gadolinium is a porphyrin like molecule currently in clinical trials for treating various types of cancers and was also shown to inhibit TrxR \[[@B108-cancers-02-00209]\]. A common feature of all of these potent TrxR inhibitors is that they primarily function as pro-oxidants and can cause serious side effects due to their high toxicity. An alternative approach for the future may lie in the emergence of natural products, including antioxidant rich food and beverages, which can be tolerated at much higher concentrations by the human body. Curcumin is one such example of a commonly used spice that exhibits anticancer effects and irreversibly inhibits TrxR function \[[@B109-cancers-02-00209]\]. Recently, both green \[[@B110-cancers-02-00209]\] and black teas \[[@B111-cancers-02-00209]\] were found to contain antioxidant components that can inhibit TrxR and are capable of inhibiting HeLa cell growth *in vitro*.

However, more information is needed regarding how these agents function against different types of cancers. The redox phenotype of different cancers is likely to be a major determinant of these agents' selectivity to target particular cancers. Since the redox phenotype of cancers are characterized by the degree of Trx expression, which in turn is influenced by the oxygenation state of the tumor, the cycling occurring between hypoxia and oxidative stress may also be a major contributor to the cancers' progression and its sensitivity to different cancer therapeutic reagents.

8. Thioredoxin and Cycling Hypoxia
==================================

The oxygenation state of a tissue is a result of the balance between delivery and consumption of oxygen. Since angiogenesis in tumors is often abnormal this balance is regularly disrupted. Instead, tumors often have sparse arteriolar supply \[[@B112-cancers-02-00209]\], inefficient orientation of microvessels \[[@B113-cancers-02-00209]\], low vascular density, extreme variations in microvessel red blood cell flux \[[@B114-cancers-02-00209]\] and increased blood viscosity. All of these factors lead to a highly unstable oxygen supply in tumors. Therefore, the most important feature of a tumor is that its oxygen supply is cyclical, a phenomenon often referred to as cycling hypoxia or intermittent hypoxia.

Cycling hypoxia was discovered almost 30 years ago and since then strong evidence has emerged demonstrating that the kinetics of cycling hypoxia are complex and have at least two dominant timescales \[[@B115-cancers-02-00209],[@B116-cancers-02-00209],[@B117-cancers-02-00209]\], which superimpose on each other. One has a frequency of a few cycles per hour while the second timescale varies from hours to days. Recent studies have shown that fluctuations in red blood cell flux is primarily responsible for the faster frequencies \[[@B118-cancers-02-00209]\], while vascular remodeling is responsible for the slower frequencies \[[@B119-cancers-02-00209]\].

Most studies on cycling hypoxia have focused on the regulation of HIF-1 and angiogenesis. Several of these studies have shown an up-regulation of HIF-1 activity to a level that supersedes that of chronic hypoxia \[[@B120-cancers-02-00209],[@B121-cancers-02-00209]\]. Since cycling hypoxia involves several re-oxygenation phases, it is tempting to speculate that increased levels of ROS and antioxidants would also occur. However, only limited studies have been performed with regards to the association of antioxidants with the dynamic changes of tumor oxygenation.

8.1. Ischemic Preconditioning
-----------------------------

Most of the available data regarding antioxidants and cycling hypoxia come from studies of ischemia/reperfusion in cardiac disease \[[@B122-cancers-02-00209],[@B123-cancers-02-00209],[@B124-cancers-02-00209],[@B125-cancers-02-00209],[@B126-cancers-02-00209]\]. Hearts exposed to cycles of short periods of ischemia followed by reperfusion become resistant to subsequent lethal ischemic injury. This technique is commonly used for myocardial preservation and is known as ischemic preconditioning (PC) \[[@B127-cancers-02-00209],[@B128-cancers-02-00209],[@B129-cancers-02-00209],[@B130-cancers-02-00209]\]. The cardio-protective abilities of ischemic preconditioning have been shown to be redox regulated \[[@B131-cancers-02-00209],[@B132-cancers-02-00209],[@B133-cancers-02-00209],[@B134-cancers-02-00209]\]. For example, ischemic preconditioning treated rat hearts showed an abolished survival signal when treated with the Trx inhibitor CDDP (an antitumor agent) and a significant number of apoptotic cardiomyocytes appeared in the preconditioned myocardium \[[@B135-cancers-02-00209],[@B136-cancers-02-00209]\]. In addition, oxidative stress was significantly reduced in ischemic preconditioning treated hearts, while inhibition of Trx with CDDP increased oxidative stress in the hearts due to increased amount of malonaldehyde ([Figure 5](#cancers-02-00209-f005){ref-type="fig"}). Interestingly, myocardial adaption to ischemic stress was associated with an over-expression of Trx.

Although there are several studies implicating a role of Trx in ischemic preconditioning survival signaling, its mechanism of action still needs to be elucidated. Interestingly, recent studies show that both Trx and Ref-1 are rapidly translocated to the nucleus in response to ischemic preconditioning treated rat hearts \[[@B137-cancers-02-00209],[@B138-cancers-02-00209]\]. Injection of a small hairpin RNA against Trx abolished Trx nuclear translocation and antisense Ref-1 inhibited Ref-1 nuclear translocation \[[@B137-cancers-02-00209]\]. In addition, association of Trx and Ref-1 occurred in the nucleus in response to ischemic preconditioning \[[@B138-cancers-02-00209]\]. This study also showed increased DNA binding of NF-κβ and phosphorylation of Akt, which increased cell survival and these events were completely abolished when inhibiting either Trx or Ref-1. Furthermore, ischemic preconditioning treated hearts also showed a significant association in the nucleus between Ref-1 and Nrf2, which was decreased when treated with antisense Ref-1. Similarly, Trx and Nrf-2 association in the nucleus was observed, which was also decreased in the presence of antisense Ref-1 ([Figure 5](#cancers-02-00209-f005){ref-type="fig"}) \[[@B137-cancers-02-00209]\].

In summary, these results indicate that cell survival signaling by cycles of ischemia/reperfusion in rat hearts is redox dependent. This survival signal seems to be mediated by ROS, which uses Trx and Ref-1 to transmit the signal.

![Schematic representation of the ischemic preconditioning survival signal mediated *via* Trx and Ref-1 redox signaling. Red lines indicate an inhibitory effect.](cancers-02-00209-g005){#cancers-02-00209-f005}

8.2. Hypoxic Preconditioning
----------------------------

There are a number of types of preconditioning that are being studied in different organs \[[@B139-cancers-02-00209],[@B140-cancers-02-00209],[@B141-cancers-02-00209]\]. Some of these studies use ischemic preconditioning while others use hypoxic preconditioning. Hypoxic preconditioning refers to a short period of hypoxia followed by a period of re-oxygenation which leads to protection from a subsequent lethal hypoxic insult about 24--48 hours later \[[@B142-cancers-02-00209]\]. Hypoxia is defined as a decrease in tissue oxygen concentration below normal, while ischemia is defined as a decrease in blood flow to a tissue that prevents adequate delivery of oxygen. Consequently the hypoxic and ischemic cellular responses differ from each other in that ischemic/reperfusion causes cardiac arrhythmias and systemic hypotension in animals while hypoxic/re-oxygenation does not \[[@B142-cancers-02-00209]\]. Therefore the mechanisms of ischemic and hypoxic preconditioning differ to some extent, although both types appear to require synthesis of specific RNA and proteins \[[@B143-cancers-02-00209],[@B144-cancers-02-00209],[@B145-cancers-02-00209],[@B146-cancers-02-00209],[@B147-cancers-02-00209]\]. Interestingly, many of the molecules implicated in the two types of preconditioning are also induced in response to hypoxia, for example HIF-1 and VEGF \[[@B148-cancers-02-00209],[@B149-cancers-02-00209],[@B150-cancers-02-00209]\]. Since the mechanisms of ischemic/hypoxic preconditioning and cycling hypoxia in tumors are very similar one could therefore speculate that cycling hypoxia is a major contributor to the generation of resistant tumor cells to hypoxic-induced cell death. Additionally, adaption of tumors to cycling hypoxia may also promote tolerance to ROS generation during re-oxygenation periods. The tumor cell survival signal could potentially be mediated *via* the redox signaling of Trx/Ref-1 similar to that occurring in ischemic preconditioning treated rat hearts.

9. Conclusions
==============

Thioredoxin protein levels are elevated in many human primary cancers and this high expression is associated with aggressive tumor growth and inhibited apoptosis, as well as decreased patient survival and resistance to anti-cancer treatments. Tumors can contain regions with either chronic hypoxia or oxidative stress due to abnormal vascular networks, and the fact that Trx expression is induced in response to both of these conditions further emphasizes the important role of Trx within cancers. It is widely accepted that Trx plays an important protective role in response to oxidative stress. In contrast, not many studies have been performed on the mechanisms of regulation of Trx in response to hypoxia or cycling hypoxia. Although cycling hypoxia in tumors has been suggested to have different biological consequences than hypoxia alone, it has for the most part been overlooked in many studies. Instead the vast majority of work relating to changes in oxygenation in tumors has been focused on the effect of hypoxia. Therefore, there is little known about the contribution of re-oxygenation to tumor progression, or the involvement of antioxidants in this process. Further investigations are needed to understand the complete role of Trx in the response to the dynamic changes of tumor oxygenation.
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